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Heavy metals are one of the most detrimental contaminates in industrial 
wastewater, owing to their high toxicity. In comparison to the existing 
methods for heavy metal removal from wastewater, nanofiltration (NF) is a 
promising technology to remove heavy metals due to its unique rejection 
mechanisms - steric effect and Donnan exclusion, low energy consumption, 
and high removal efficiency. In this study, high performance NF membranes 
for lead removal have been designed by chemically cross-linking the P84 
porous hollow fiber substrates with hyperbranched polyethyleneimine (PEI) 
60,000. To withstand high pressure operations, macrovoid-free hollow fiber 
substrates were firstly developed by manipulating dope formulation and 
spinning conditions with the addition of methanol or ethanol in spinning dopes. 
To design NF membranes with a narrow pore size suitable for the PEI 
modification, the critical mean effective pore radius (rp) for the substrates was 
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1.1 General background 
 
Many countries, especially those in arid regions, face the problem of water 
scarcity. It is estimated that nearly 1.2 billion people has little access to safe 
drinking water and the situation is getting worse in the near future. 
Furthermore, the lack of clean water has severe impact on food production, 
industrial productivity and domestic needs [1, 2]. To deal with water scarcity, 
many efforts have been placed on safe discharge and reuse of treated 
wastewater [3-5]. Heavy metals is one of the major contaminates in industrial 
waste water generated from automotive, mining and textile industries. 
 
“Heavy metals” is a group of metal and semi-metal elements with density above 
5.0 g/cm3 and is associated with contamination problem and potential toxicity 
or ecotoxicity [6, 7]. Common heavy metals include lead (Pb), cadmium (Cd), 
mercury (Hg), chromium (Cr), copper (Cu), zinc (Zn) and nickel (Ni). In 
general, heavy metals have high chemical stability. They cannot be degraded in 
water. These heavy metals can cause serious pollution on aquatic ecological 
environment [8-10]. As they cannot be bio-degraded, heavy metals may enter 
and accumulate in human, animal and plant body through air, water, soil and 
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ingestion [11]. Even extremely low concentrations of heavy metals in human 
body can disrupt the body's normal physiological activities. Besides, the 
accumulation of heavy metals in certain organs of human body can result in 
pathological changes ranging from diseases such as water Minamata disease 
and bone disease to even death [9, 10].  
 
Lead, one of the main heavy metals in wastewater, has high toxicity [12-14], 
and may cause severe symptoms including weakness, abdominal pain, nerve 
damage (such as swelling of the brain), kidney and reproduction problem, and 
even death [15]. A blood lead level as low as 10 µg/dL (0.1 mg/L) may result 
in growth deficits and impaired vitamin D metabolism in children [16]. The 
lead poisoning effects are life-long as lead can accumulate in bones and soft 
organs. Health issues caused by lead pollution have occurred in many 
countries [10, 12, 15].  
 
According to the statistics from World Health Organization (WHO) in 2000, 
around 120 million people including 20 % of all children in the world have 
blood lead level above 10 µg/dL and are exposed to the lead poisoning. 
Among the affected children, around 97 % are living in the developing 
countries. Because of lead poisoning, there is a total mild mental retardation of 
9.8 million disability-adjusted life years (DALYs). In addition, more than 
229,000 pre-mature deaths and 3.1 million DALYs happen due to the 
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cardiovascular diseases from elevated blood lead level. These two outcomes 
contribute to 0.9 % of the global burden of disease [17, 18]. Recently, the 
worsen situation of lead poisoning in Nigeria and China also received more 
attention worldwide [19, 20]. Due to the high occurrence and severe side 
effect of lead poisoning, many countries have set up more and more stringent 
standards to control heavy metal concentrations in discharged water [8], which 
opens huge opportunities for water treatment technologies. 
 
1.2 Conventional methods to remove heavy metals 
 
Methods to remove common heavy metals include chemical precipitation, 
coagulation-flocculation, ion-exchange, adsorption, evaporation, biosorption, 
flotation and membrane filtration [21-23]. 
 
1.2.1 Chemical precipitation 
 
In chemical precipitation, chemicals are used to react with heavy metals to 
form insoluble precipitates. These precipitates are then filtered or sedimented. 
The typical chemical precipitation process includes hydroxide precipitation 
and sulfide precipitation. Hydroxide precipitation is the most widely used 
technique in chemical precipitation of heavy metal cations as most heavy 
metal hydroxides are insoluble in the water in pH range of 8.0-11.0. Because 
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of the low cost and easy handling, lime is the base preferred in the industries. 
Sulfide is another effective way to precipitate metal ions because the solubility 
of metal sulfide precipitates is even lower. Besides, those precipitates are not 
amphoteric as compared to the hydroxide precipitates. Thus, a wide range of 
pH can be used during the precipitation process [21]. However, chemical 
precipitation has disadvantages, such as large chemicals consumption, 
excessive sludge production, additional cost for sludge disposal, slow metal 




Coagulation and flocculation are usually followed by sedimentation and 
filtration in the heavy metal removal. Coagulation is the process of adding a 
coagulant to destabilize the colloids and neutralize the force that has kept them 
apart. The coagulants can neutralize the particles or enmesh the impurities on 
the amorphous metal hydroxide precipitates. To achieve the goal, commonly 
used methods include adjustment of pH or addition of ferric/alum salts as the 
coagulants. Sediments are normally formed in the process. Flocculation is a 
way to separate the particles through a polymer that liaises the flocs or binds 
the particles into large agglomerates. It is usually used after coagulation to 
make the unstable particles into bulky floccules. The formed precipitation is 
then removed through sedimentation and filtration. However, large amount of 
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chemicals and large footprints are needed in coagulation-flocculation to 
generate sludge, which results in high operating costs. To dispose and stabilize 




In ion-exchange process, a reversible interchange of ions between solid and 
liquid phase exists, allowing heavy metal ions in the liquid phase to 
interchange with the other ions on the insoluble substance (resin). In order to 
maintain the chemical equivalence in the liquid phase, the released ions on the 
substance should have a like charge with the heavy metal ions. The heavy 
metal ions can then be released from the loaded resin by elution with suitable 
reagent. Unlike chemical precipitation or coagulation and flocculation, the 
heavy metals released in this process can be recovered in a more concentrated 
form. Besides, ion-exchange does not generate sludge, which saves the costs 
of sludge treatment. Since the equipment utilized is portable and the ion 
exchange is relatively fast, ion-exchange is convenient to use, space saving 
and less time-consuming. It can also be specially designed to remove certain 
heavy metals. However, ion-exchange also has certain disadvantages in heavy 
metal removal. Pretreatment systems are required to remove suspended solid 
before ion exchange. Besides, specific resins are needed for certain heavy 
metal removal. Some heavy metals do not have the matched resin. In addition, 
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In adsorption, heavy metal ions in the liquid phase are bound to the surface of 
adsorbent through physical/chemical interactions. The design and operation of 
adsorption is relatively flexible. The basic requirements for ideal adsorbents in 
heavy metal removal are (1) high affinity between heavy metal ions and 
adsorbent; and (2) ease of regeneration by desorption of heavy metal ions from 
adsorption under certain condition. The common adsorbents used in 
adsorption include activated carbon adsorbents, carbon nanotubes adsorbents, 
low cost adsorbents and bioadsorbents. Activated carbon adsorbents usually 
have high surface area, thus are widely used in the removal of heavy metals. 
However, activated carbon adsorbents are relatively expensive. Both 
functionalized and unfunctionalized carbon multi-walled nanotubes show 
superior rejection compared to activated carbon on heavy metal removal. But 
the discharge of carbon nanotube in water is a big risk to human health [21]. 
Low cost adsorbents receive more attention due to their wide availability and 
low price, but they have drawbacks such as poor selectivity and slow 
regeneration. Biosorption has characteristics of low-cost and rapid adsorption. 
However, the separation of heavy metals from biosorbents is difficult. Besides, 
early saturation can be a problem [9, 21, 22] 
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1.2.5 Flotation  
 
In flotation, the separation of heavy metals in the liquid phase is achieved 
through bubble attachment and bubble rise. The major flotation process 
includes dissolved air flotation, ion flotation and precipitation flotation. In 
dissolved air flotation, micro-bubbles of air adheres the suspended particles in 
water, forms agglomerate, rises and accumulates at the water surface in a 
foaming phase. The formed agglomerates are then removed as sludge. In ion 
flotation, heavy metal ions become hydrophobic with the modification of 
surfactants; while in precipitate flotation, heavy metal ions form precipitates. 
The hydrophobic mixture or precipitates are then removed through air bubble 
attachment. Flotation has advantages such as short hydraulic retention times, 
low cost and a better removal of small particles. It is cost-effective especially 
when the concentration of polluting substance is high. However, when there is 
only one stage of flotation, the removal efficiency may be less than ideal. In 
addition, the fact that some of the substance may not be properly attached to 
the bubbles during the bubble rising only serves to further reduce the removal 







1.2.6  Membrane filtration  
 
During the past decades, membrane technology has gained widespread 
attention in heavy metal removal. In addition to heavy metals, membranes are 
able to move suspended solids, organic compounds and inorganic 
contaminates. Thus, membrane filtrations are also used in the pre-treatment of 
heavy metal removal by the other methods [23]. As shown in Figure 1.1, 
pressure driven membrane separation technology for heavy metal removal can 
be classified into several categories, such as ultrafiltration (UF), nanofiltration 
(NF), and reverse osmosis (RO), depending on the size of solutes the 
membrane can seize. The properties of these membrane technologies in heavy 
metal removal are summarized in Table 1.1. During these processes, solvent 
and some solutes/particles in the feed solution permeate through the 






















Table 1.1 Properties of hydraulic pressure induced membrane separation 
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Recently, forward osmosis (FO) is also applied in the field of heavy metal 
removal [31]. In this process, osmotic pressure in the draw solution induces a 
net flow of water through the membrane from the feed solution. By using a 
suitable draw solute, FO process is able to achieve high removal efficiency 
and good water flux. However, the draw solute needs to be regenerated.  
 
Compared to the other technologies, membrane technology has advantages 
such as cost effective, no phase change, easy fabrication and high removal 






1.3 Introduction to NF membrane and its application in heavy metal 
removal 
1.3.1 Definition of NF  
 
NF is a pressure driven membrane separation process with a pore size range of 
0.1-2 nm, which is in between that of UF and RO [34]. Like the other pressure 
induced membrane separation processes, a certain pressure is applied on the 
feed solution of the system to induce the separation of solvent/some solutes and 
the other solutes or particles. A typical NF process is shown in Figure 1.2, using 
both hollow fiber membranes (top) and flat sheet membranes (bottom). NF is 
able to separate ionic and low molecular weight organic solutes, according to 
their size. In addition, since most NF membranes are charged, NF membranes 
have a higher rejection to multivalent ions than to monovalent ions since the 
electrostatic interaction of the former with membranes is stronger than the latter 
[34]. Therefore, selective partition of ions is possible through the electrostatic 
interaction because of the Donnan exclusion between membranes and solutes. 
As the separation mechanisms include both size exclusion (due to pore size) and 
Donnan exclusion (due to surface charge) [35-37], NF membranes usually 
require lower operation pressure compared to RO membranes but have a 
higher water flux and a reasonably high rejection [9, 38]. A schematic diagram 



























Figure 1.3 The rejection mechanisms of nanofiltration membrane. 
 
Since its inception in the early 1970s, NF has grown rapidly [39]. Besides its 
application in wastewater treatment, NF also plays an important role in other 
aqueous or organic separation and purification fields, such as desalination, 
pharmaceutical purification, concentrate of fruit juice, biomedical application, 
petrochemical industries and so on [40].   
 
1.3.2  NF membrane material 
 
NF membranes are made of the similar materials to that of RO membranes. In 
terms of material, NF membranes can be divided into three category- 
polymeric NF membrane, inorganic NF membrane and hybrid 
organic-inorganic membrane. The majority of the polymeric NF membranes are 
made from cellulose (cellulose acetate (CA), triacetate cellulose (CTA) and 
CA-CTA mixture), aliphatic polyamide (PA), polybenzimidazole (PBI) and 
polyimide. PA is the most frequently used material in membrane fabrication. In 
+ ++ + +
++






addition, polysulfone, such as polyether sulfone (PES), polysulfone (PS) and 
sulfonated polysulfone(SPS), can also be used for NF membranes [39, 41]. 
Inorganic NF membranes or ceramic membranes are made of alkoxides, such as 
macroporous α-alumina supported mesoporous γ-alumina, zirconia and titania 
and silica-zirconia composite. Inorganic membranes usually have good thermal 
and mechanical properties. However, the pore sizes of the inorganic membranes 
are large compared to those of polymeric membranes. The molecular weight 
cut-off (MWCO)- the molecular weight of a component retained for 90 %- is 
usually above 500 Da. The MWCO of ceramic membranes can be reduced by 
carefully designing the membranes into several sub-layers, while the 
reproducibility of the NF membranes on the large scale needs to be optimized 
[41]. Hybrid organic-inorganic membranes usually combine transport 
properties of organic and inorganic membranes. Depending on the interactions 
between organic and inorganic parts, the hybrid membranes can be divided into 
two types. One type depends on the Van der Waals / hydrogen bond interactions 
between organic and inorganic parts, where one part is usually dispersed in 
another. The other type forms covalent bonds between organic and inorganic 
parts. In this type, homogeneous hybrid materials are typically formed in the 
molecular level; or organic groups are attached to the inorganic materials 
through surface grafting [42]. Though inorganic membranes are gaining more 
attentions, the majority of the membranes are and will still be made of solid 
polymers, due to the wide variability of barrier structures and properties that 
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can be specially designed by polymer materials [43].  
 
1.3.3 NF module types 
 
There are mainly two module types of commercial NF membranes available for 
heavy metal removal, namely spiral wound and tubular membrane. The spiral 
wound configuration is made of flat sheet membranes with a central tube [40]. 
The tubular membrane is the membrane supported on the inner surface of a 
tube made of special material [44]. With respect flat sheet membranes, hollow 
fiber membranes have several advantages. Firstly, hollow fiber membranes 
have higher surface area to volume ratio. They enable one to build more 
compact modules. In addition, spacers are no longer needed to separate each 
hollow fiber, compared to conventional spiral wound modules. As a result, 
designing the layouts of hollow fiber membranes is easier. Secondly, hollow 
fiber membranes can be self-supported, and thus can be backwashed repeatedly 
during liquid phase separation [40]. Compared to tubular membranes, hollow 
fiber membranes have higher packing densities which reduce the cost per 
module [45]. In addition, tubular membranes have low permeate flux per unit 
volume [46, 47]. A list of comparison among these three membrane 
configurations is shown in Table 1.2. Taking the above advantages and the 
relatively low manufacturing cost into consideration, hollow fiber membranes 
will be used in this heavy metal removal project. However, the rejections of 
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hollow fiber membranes to heavy metals are still lower than those of flat sheet 
membranes. Thus, enhancements in the performance of the hollow fiber 
membranes in heavy metal removal will need to be studied. 
    









Tubular 80-450 50-200 [13, 48] 
Spiral wound 500-1000 10-50 [49, 50] 
Hollow fiber 500-5000 2-10 [51, 52] 
 
1.3.4 Fabrication of NF hollow fiber membranes 
 
There are about three types of hollow fiber polymeric membranes for NF 
application, which are integrated asymmetric membrane, thin-film composite 
(TFC) membrane and dual layer membrane [40, 53]. Wholly integrated 
asymmetric membranes are produced through phase inversion of cellulose 
acetate or other membrane formation polymers/polymer mixtures. Although 
this kind of membrane has low cost and is easy to fabricate, it is difficult to 
enhance the performance (rejection and water permeability) of the membrane 
in heavy metal removal. TFC membranes usually comprise of two parts: a 
thick, porous, and nonselective support layer and an ultrathin barrier layer by 
interfacial polymerization, coating or chemical modification. Compared to 
asymmetric membranes, the fabrications of TFC membranes are more 
complicated; but the synthesized membranes can be specially designed to 
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provide high flux and good rejections. Dual layer membranes are prepared by 
co-extrusion spinning of two polymer solutions. In this method, relatively 
cheap materials are used as the support to reduce the cost of the membrane, 
while high performance or functional materials are applied as the selective 
layer which will maximize the performance of the membrane [53]. However, 
fabrications of dual-layer membranes are more complicated. Delamination and 
low water permeability are two obstacles in the development of dual-layer 
hollow fiber membranes [54].        
 
1.4  NF in lead removal 
 
NF is promising for lead removal and other water treatment applications. To our 
knowledge so far, the removal of lead through NF has been studied by several 
works using spiral wound (flat sheet) and tubular membranes [13, 48-50, 
55-58]. Membrane used by Bouranenea et al., Gherasim et al., Linde et al. 
were AFC membrane from PCI membrane system. Membrane used by Ortega 
et al. and Mohammad were from DK series and HL series of GE-Osmosis, 
respectively. Membrane used by Al-Rashdi et al. was NF 270 membrane from 
Dow Chemical Company. AFC membranes are tubular membranes, while DK 
series and HL series from GE-Osmosis and NF 270 are spiral wound 
membranes. Development of high performance hollow fiber membranes for 
lead removal is still lacking.   
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1.5 Introduction to P84 polyimide and PEI cross-linked polyimide 
membrane 
 
P84 is a co-polyimide of 3,3′,4,4′-benzophenone tetracarboxylic dianhydride 
with 80 % toluenediisocynate and 20 % methylphenylenediisocyanate 
(BTDA-TDI/MDI). P84 has high thermal stability with glass transition 
temperature (Tg) of 315 °C. Thus, membranes made of P84 can be operated at 
elevated temperature. Besides, P84 is able to sustain in harsh organic solvent, 
such as toluene and ketone, over a wide range of pH. Though it is one of the 
latest available polyimide in the market, it has drawn broad attention. So far, 
P84 has been used as UF, NF, gas separation and carbon molecular sieve 
membrane [59, 60]. 
 
Recently, polyethyleneimine (PEI) cross-linked polyimide membranes have 
shown great potential for NF applications because of the following reasons: (1) 
polyimide polymers are excellent membrane materials as they are thermally 
stable, mechanically strong and chemically durable [59]; (2) the carbonyl group 
of imide rings in the polymer chains can be easily cross-linked with PEI; (3) the 
cross-linked membranes possess enhanced chemical resistance in harsh organic 
solvent or extreme pH conditions [59-63]; (4) PEI cross-linking is a promising 
approach to prepare a positively charged membrane by introducing additional 
amine groups on the membrane surface. This positively charged layer can 
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exclude the cations through Donnan exclusion other than size exclusion. It has 
high rejections especially to multi-valent ions [59, 63-66].  
 
Many efforts have been made to investigate the effects of PEI molecular 
weights on the cross-linked membrane performance. Albrecht et al. [67] 
showed that higher content of amine groups can be detected after cross-linking 
between higher molecular weight PEI and poly(ether imide).  Sun et al. [64] 
showed that the higher the PEI molecular weight, the better the rejections of PEI 
cross-linked membrane to several salts (Na2SO4, MgSO4, NaCl and MgCl2).  
However, few attentions have been paid to the membrane substrate in terms of 
the macroscopic morphology and the microscopic pore structure and their 
influence on the final performance. 
 
1.6 Research objectives and outline of the thesis 
 
Since most of the studies in the literature use spiral wounds or tubular 
membranes for lead removal, the aim of the study is to develop hollow fiber 
membranes for efficient lead removal. Because lead exists in water as the 
divalent cation, positively charged NF membranes made from P84 and a high 
molecular weight (MW = 60,000) hyperbranched PEI for lead removal is 




More specifically, the thesis addresses the following issue: 
(1) To develop macrovoid-free polyimide hollow fiber membranes for high 
pressure NF applications;  
(2) To systematically investigate the effects of substrate pore structure on the 
PEI cross-linked NF membrane pore structure parameters;  
(3) To scientifically explore the high efficient rejection mechanisms of the 
newly developed positively charged membranes on the rejections of heavy 
metal ions and neutral solutes;  
(4) To provide insightful guidelines on designing well-structured positively 
charged NF membranes for high performance heavy metal removal. 
 
The thesis consists of 4 chapters. Chapter One presents the introduction to the 
study, which includes the necessity of the study, basic information on NF 
membrane, NF application in lead removal and theoretical possibility of the 
study. Chapter Two provides the methods to characterize and test the 
performance of the synthesized membranes. In Chapter Three, results from the 
characterization and performance tests are analyzed. At last, a conclusion on the 
study is delivered in Chapter Four, which also includes some recommendations 








2.1 Materials  
 
P84 powders with a MW of 153,000 gmol-1 were procured from HP Polymer 
GmbH, Austria, to prepare the hollow fiber substrates. The solvent used to 
dissolve P84 was N-methyl-2-pyrrolidine (NMP) (99.5 %, Merck, Germary). 
Ethylene glycol (EG, 99.8 %, Sigma-Aldrich), polyethylene glycol 400 (PEG 
400, MW: 400 gmol-1, Merck), ethanol (99.9 %, Merck) and methanol (99.8 %, 
Fisher Chemical), were employed separately as non-solvents during the 
preparation of dope solutions. The cross-linking agent, hyperbranched PEI 
with a MW of 60,000 gmol-1, was purchased from Acros (USA). To dissolve 
PEI, isopropanol (99.98 %, Fisher Chemical) and deionized water were used. 
Organic solutes with various molecular weights including EG, diethylene 
glycol, triethylene glycol, glucose, surcrose, raffinose, alpha-cyclodextrin, 
PEG and polyethylene oxide (PEO) from Sigma-Aldrich were utilized to 
measure the pore size and pore size distribution of the membranes. To test the 
salt rejections of the PEI cross-linked membranes, MgCl2 · 6H2O (98 %, Alfa 
Aesar) and Pb(NO3)2 (99 %, Acros) were used. They were dissolved in DI 




2.2 Fabrication of outer-selective hollow fiber substrates 
 
P84 powders were dried in a vacuum oven at 120 °C for 2 hours before the 
dope preparation. Four kinds of dope solutions were prepared with the 
compositions listed in Table 2.1.  
 
Table 2.1 Spinning conditions of plain P84 hollow fiber membranes. 
 
 
The well dissolved dope solution was allowed to degas for 12 hours. Different 
bore fluids with the compositions listed in Table 2.1 were prepared prior to 
spin. A spinneret, with an inner diameter of 1.05 mm and an outer diameter of 
1.6 mm as illustrated in Figure 2.1, was used for all the spinning in this work.  
Spinning condition S1 S2 S3 S4 S5 S6
P84 dope solution 
(wt.%)















Dope flow rate (ml/min) 3 3 3 3 3 3
Bore fluid composition 
(wt.%)








NMP/ DI water 
(90:10)
NMP/ DI water 
(90:10)
Bore fluid flow rate 
(ml/min)
2 2 1 1.5 1 1.5
Air gap (cm) 2.5 0.5 2.5 3.5 2.5 3.5
Take-up speed (m/min) 4.7 (free fall) 2.3 16.4 39.9 16.4 39.9










Room humidity (%) 65~70
Dimension of spinneret 
(mm)
i.d. /o.d. (1.05/1.6)







Figure 2.1 The scheme of spinneret used in the work (a) side view (b) 
cross-section (OD: outer diameter, ID: inner diameter). 
 
During the spinning, the flow rates of dope solution and bore fluid were 
controlled by two different pumps. The bore fluid and the dope solution met at 
the outlet of the spinneret, then passed through a certain air gap before 
entering the coagulant bath for phase separation. At the same time, the hollow 
fiber membrane was elongated at a certain rate through a take-up unit. The 
fibers on the take-up unit were then transferred into a water basin for the 
completion of phase inversion. The detailed spinning conditions can be found 
in Table 2.1. The as-spun fibers were kept in tap water for two more days to 
remove all the residual solvent. They were then transferred into a 50 wt% 
glycerol solution and stirred for two days before air drying. Hollow fiber 
modules were made from the air dried fibers. They were then washed to 
remove glycerol before tests. The plain P84 hollow fiber substrates spun under 












2.3 Cross-linking of the hollow fiber membranes 
 
The cross-linking of the plain P84 hollow fiber membranes was carried out 
with a cross-flow set-up as described by Sun et al. [64]. 1 wt% of PEI was 
dissolved in a 50/50 wt% isopropanol/ water solution. The solution was heated 
to 70 °C and flowed through the shell side of the hollow fiber module with the 
flow rate of 400 ml/min for 1 hour. After PEI cross-linking, the module was 
rinsed with DI water to remove the unreacted PEI monomers. The chemical 
structures of P84, PEI and a possible product of PEI cross-linked P84 are 
shown in Figure 2.2.  
 
 
Figure 2.2 The chemical structures of (a) P84, (b) Heperbranched 
polyethyleneimine (PEI), and (c) A possible product of PEI corss-linked P84 
(In the process, amine groups on the PEI reacted with the imide group on the 
P84 polymer chain and formed amide group on the product.). 
 











































































(C) A possible chemical structure of PEI cross-linked P84 
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(Perkin-Elmer FT spectrometer, Norwalk, CT) and X-ray photoelectron 
spectroscopy (XPS) (Kratos AXIS His spectrometer, Kratos Analytical Ltd., 
Manchester, UK). PEI cross-linked P84 hollow fibers of conditions 1 to 6 are 
denoted as “S1-X” to “S6-X”, respectively.  
 
2.4 Characterizations of membranes 
2.4.1 The morphology of plain P84 hollow fibers 
 
The morphology of plain P84 hollow fiber membranes were observed by both 
scanning electron microscope (SEM, JEOL, JSM-5600LV) and field emission 
scanning electron microscope (FESEM, JEOL, JSM-6700F).  The fibers were 
freeze dried before being immersed into liquid nitrogen and fractured for 
sample preparation.  
 
2.4.2 Surface charge of plain P84 hollow fibers and PEI cross-linked 
membranes 
 
The surface charge of both plain P84 hollow fiber membranes and PEI 
cross-linked membranes were analyzed by a SurPASS electrokinetic analyzer 
(Anton Paar GmbH, Austria) through streaming potential measurements. To 
test the membrane surface charge, a flat-sheet membrane made of pure P84 
(dope formulation: P84: NMP = 28: 72) was casted. A PEI cross-linked 
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membrane was made by dipping the plain P84 membrane in the PEI solution 
with the same conditions stated in Section 2.3 for 1 hour. Surface charge of the 
plain P84 membrane and the PEI cross-linked membrane were tested 
separately with the same procedures as follows. A 0.01M NaCl solution was 
used to test the zeta-potential of a membrane at neutral pH. Then the zeta 
potential of the membrane was tested with a 0.01M NaCl solution under 
various pH ranging from pH 3 to pH 11 adjusted by auto titrations of the NaCl 
solution with 0.1M NaOH and 0.1M HCl. The trend of pH dependent surface 
charge and the isoelectric point of the relevant membranes were then 
determined.  
 
2.4.3 Pure water permeability (PWP), pore sizes, pore size distributions 
and porosity of plain P84 hollow fibers and PEI cross-linked membranes 
 
PWP was tested by pure water flowing in the shell side of the hollow fiber 
modules under a certain pressure. PWP (Lm-2bar-1h-1) can be calculated with 
the following formula: 
                           ܹܲܲ =  ொ஺∆௉                           (2.1) 
where ܳ is the water flux at the permeate side (L/h), A is the effective filtration 
area (m2) and ∆P is the transmembrane pressure (bar). PWP was tested under a 




Table 2.2 The molecular weight and Stoke radius of neutral solutes used 
during pore size distribution tests. 
Solute MW (gmol-1) Rs (nm) 
Ethylene glycol 62 0.235 
Diethylene glycol 106 0.291 
Triethylene glycol 150 0.334 
Glucose 180 0.365 
Surcrose 342 0.471 
Raffinose 504 0.584 
α-cyclodextrin 972 0.701 
 
As shown in Table 2.2, besides PEG and PEO, various organic solutes were 
used to test the pore sizes and pore size distributions of both membranes. 
Similar to the process used to test PWP, feed solutions made of 200 ppm 
neutral organic solutes were separately flowed in the shell side of the hollow 
fiber module under a transmembrane pressure of 1 bar. The permeate solutions 
from the lumen side of the hollow fibers were collected.  Both the feed and 
the permeate solutions were tested by a total carbon analyzer (TOC 
ASI-5000A, Shimadze, Japan). The effective rejection coefficient R (%) for 
each organic solute can be calculated by the below formula: 
                         ܴ = ൬1 − ஼೛஼೑൰ × 100%                (2.2) 
where cf and cp are the concentrations of the feed and the permeate solutions, 
respectively. R of a certain solute is related to the Stoke radius of the solute. 
Pore size distribution was calculated with the assumption of no steric and 
hydrodynamic interactions between the organic solutes and the membrane 
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material. The molecular weight cut off (MWCO) is defined as the MW of the 
solute at the R equals to 90 %. The mean effective pore radius of the 
membrane (ݎ௣) is assumed the same with the geometric mean radius of the 
solute (ݎ௦) when R equals to 50 %. The geometric standard deviation of the 
membrane (σp) is assumed to be the geometric standard deviation about ݎ௦ 
(σg), which is the ratio of Stoke radius when R equals to 84.13 % to that when 
R equals to 50 %. The probability density function of a membrane pore radius 
can be calculated with the following formula: 




ଶ(௟௡ఙ೛)మ ]           (2.3) 
where rp is the pore radii of the membrane [68]. 
 
The Stokes radii of different PEG and PEO used during the pore size 
distribution tests can be calculated from the following formulas [68]:  
For PEG,ݎ = 16.73 ×  10ିଵଶ  × ܯ଴.ହହ଻, (MW≤ 35,000)        (2.4) 
For PEO, ݎ = 10.44 ×  10ିଵଶ  × ܯ଴.ହ଼଻, (MW≥ 100,000)       (2.5) 
where M is the MW of PEG or PEO. The MWs and Stoke radii of the rest 
neutral solutes used during pore size distribution tests are listed in Table 2 [64, 
69].  
 
The porosity of the plain P84 hollow fiber membrane is the ratio of pore 
volume in the membrane to the whole volume of the membrane. The density 
of P84 (ρP84) is 1.34 g/cm3 according to the brochure from the supplier. The 
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porosity (ߝ) can be calculated based on the following formula: 
                            ߝ = ௏ೞି
೘
ഐುఴర
௏ೞ                        (2.6)  
where m is the mass of the fiber with a length of l, Vs is the volume of the 
hollow fiber membrane. 
 
2.4.4 Salt rejection of PEI cross-linked membranes 
 
Salt rejections were tested in the similar way as PWP by changing the feed 
solutions to the salt solutions. 1000 ppm MgCl2 and Pb(NO3)2 solutions were 
used to test the salt rejections. Prior to testing, fibers were washed with DI water 
for 48 hours to ensure the conductivity of the permeate solution was below 1 
µS/cm. During tests, the modules were allowed to stabilize for 2 hours with salt 
solutions circulated at 1 bar. Then, both the feed and the permeate solutions 
were collected and measured by a conductivity meter. Linear correlations 
between the conductivity and the concentration of these two salt solutions were 
found when the salt solutions were at their neutral pH. When the pH of the 
solution was different from its neutral solution, concentrations of both the feed 
and the permeate solutions were determined by ICP-OES (Optima 7300DV, 
Perkin Elmer, USA). Each test was measured three times with a time interval of 
1 hour in between the tests to ensure that the modules were stable for 
measurements. The salt rejection was calculated according to formula (2) or by 
changing the concentrations of the feed and the permeate solutions to the 
29 
 

























RESULTS AND DISCUSSION 
 
3.1 Fabrication of macrovoid-free P84 hollow fiber substrates 
 
Macrovoid-free or spongy-like cross-sectional morphology of hollow fiber 
membranes is desired for NF operations because such structure not only 
possesses high mechanical strength to sustain high pressure operations [70], 
but also tends to have a defect-free surface for high rejection and uniform pore 
size distribution [71]. For a given polymer, macrovoid-free structure can be 
achieved by four most effective approaches: (1) increasing the polymer 
concentration [70]; (2) increasing the take-up speed [70]; (3) reducing the 
membrane or flow-channel thickness [72]; (4) introducing non-solvent 
additives into the dope solutions [71, 73]. In this section, both the dope 
composition and the spinning parameters are manipulated to obtain a 
macrovoid-free structure. Figure 3.1 shows the morphology of the as-spun P84 
membranes made from various dope and spinning conditions. In the initial 
trial, which is denoted as “S1”, a dope formulation of P84/EG/NMP = 23.5: 
13.5: 63 wt% was prepared, which was similar to our previous work in which 
a macrovoid-free Torlon® polyamide-imide NF hollow fiber membrane was 
obtained from the same formulation [64]. However, due to the hydrophilic 
nature of the P84 polymer, the fibers can only be formed when a high amount 
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Figure 3.1 FESEM and SEM images of the plain P84 membranes. 
 
It can be observed from the SEM images in Figure 3.1 that the S1 membrane 
is almost spongy-like with two kinds of outward pointed macrovoids on the 
cross-section. One kind of the macrovoids starts from the middle and ends at 
the inner edge of the cross-section. These outward pointed macrovoids are 
S1
Cross-section










caused by the non-solvent intrusion from the outer surface by water in the 
coagulant bath due to a coupling effect: (1) the gel-like thin barrier layer 
induced by moisture in the air region is too weak to resist non-solvent 
intrusion; (2) gravity induced radial outflow of the solvent in the dope solution 
is insufficient. As a result, surface instability occurs and results in non-solvent 
intrusion [72]. The second kind of macrovoids is small and interconnected 
with the inner surface layer of S1. It is caused by solvent intrusion from the 
bore fluid. The high concentration solvent in the bore fluid delays liquid-liquid 
demixing. Instead of solidifying the inner skin layer, the polymer in the 
nascent fiber partially dissolves in the bore fluid, lowers the inner polymer 
concentration and results in a soft inner nascent skin. The skin is too soft to 
prevent the solvent intrusion caused by the high bore fluid rate and the high 
fiber shrinkage induced by rapid phase inversion at the outer layer [34, 74, 75]. 
It can also be evidenced by the rough corrugation around the inner surface, 
which is due to the high solvent content (95 %) in the bore fluid and the inner 
surface buckling because of the rapid shrinkage at the outer surface [76, 77].  
 
The large pores on the outer surface of S1 are difficult to produce a defect-free 
NF membrane, even after cross-linking, which will be discussed in a later 
section. Therefore, a larger molecule, i.e. PEG 400, is used to replace EG with 
a lower amount (8 wt%) in S2 because PEG favors delayed demixing, 
enhances pore formation and prevents macrovoid formation [73]. The 
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membrane surface becomes much denser than S1. No visible pores could be 
observed from the FESEM image. However, due to the lower concentration of 
PEG 400, S2 has a cross-section structure of double-layer macrovoids where 
outward pointed macrovoids are in its outer cross-section and inward pointed 
macrovoids in its inner cross-section. Both the outward and inward pointed 
macrovoids are mainly caused by non-solvent intrusion and capillary flow. 
Different from S1, bore fluid with a higher non-solvent content was used in S2 
during spinning. It promotes faster precipitation of the inner surface. Therefore, 
the rough corrugation of the inner surface of S1 is eliminated. However, the 
higher water content in the bore fluid also facilitates non-solvent intrusion 
from the inner surface and leads to the formation of more inward pointed 
macrovoids. Both the outward-pointed and inward-pointed macrovoids could 
not be reduced by increasing the take-up speed because of the rapidly 
solidified inner surface, which is evidenced by the dense inner surface in the 
FESEM image.  
 
A significant morphological improvement was achieved by increasing the 
polymer concentration to 28 wt% and changing the non-solvent additives to 
10 % methanol or ethanol, as shown in S3 to S6 in Table 2.1 in Chapter Two. 
Compared to the previous two batches, hollow fibers can be spun at much 
higher take-up speeds from the new dope formulations due to the following 
reasons: (1) the increased polymer concentration not only increases the dope 
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viscosity but also moves the phase inversion path from the un-stable to the 
meta-stable region; (2) methanol and ethanol are more compatible 
non-solvents with the polyimide than ethylene glycol [78]; (3) the water 
content in the bore fluid is in between the previous two batches, rendering that 
the inner contour of the hollow fiber maintains a smooth shape even at a very 
high take-up speed.      
 
Few macrovoids can be observed on the cross-sections of S3 and S5 which 
were spun at 16.4 m/min. However, a macrovoid-free structure was developed 
for S4 and S6 after increasing the take-up speed to 39.9 m/min, This is due to 
the fact that S4 and S6 were spun at a much higher take-up speed and air gap. 
A higher take-up speed and a higher air gap usually result in a higher 
elongational draw ratio during the fiber spinning. Not only can it reduce the 
fiber diameter, but also leads to a radial outflow of solvent, thus preventing 
non-solvent intrusion [70]. Such macrovoid-free hollow fibers have great 
potential to withstand high transmembrane pressures for NF applications [34].  
 
3.2 Characterization of the PEI cross-linked hollow fiber membranes 
 
The cross-linking between PEI and plain P84 membrane is confirmed by 
ATR-FTIR spectra as shown in Figure 3.2. Before PEI cross-linking, strong 
absorptions from the imide group can be found at 1774cm-1 (C=O stretching), 
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1716cm-1 (C=O stretching), and 1361cm-1 (C-N stretching). These peaks are 
representative peaks of the imide group [63]. After PEI cross-linking, new 
peaks representing the amide group appear at 1643cm-1 (C=O stretching) and 
1546cm-1 (C-N stretching). The peak at 1361cm-1 still exists, which stands for 
the unreacted imide group [63, 64]. 
 
 
Figure 3.2 Comparison of ATR-FTIR spectra of the plain P84 membrane and 
the PEI cross-linked membrane. 
 
The degree of PEI cross-linking can also be indicated by XPS through the N1s 
to O1s ratio (N1s/O1s). O is used as a reference because the functional group 
containing the element O is not changed before and after PEI cross-linking. 
Substitution of the cross-linking agent on the plain P84 membrane leads to an 









1774, 1716 imide C-N, 1361
amide C-N, 1546amide C=O, 1643
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3.1, an almost two times’ increment in N1s/O1s can be found before and after 
PEI cross-linking. This reconfirms the successful cross-linking of PEI. 
 
Table 3.1 XPS analysis of the plain P84 membranes and the PEI cross-linked 
hollow fiber membranes. 
 C1s (%) N1s (%) O1s (%) N1s/ O1s 
Plain P84 membrane 78.39 3.25 18.36 0.177 
PEI cross-linked membrane 71.81 9.29 18.90 0.492 
 
The surface charge of the P84 membranes before and after PEI cross-linking 
as a function of pH can be found in Figure 3.3. From the figure, the isoelectric 
point of the plain P84 membrane is around pH 3.2. The plain P84 membrane is 
negatively charged from pH 3.2 onwards, with a higher absolute zeta-potential 
at higher pH. It is slightly positively charged below pH 3.2. However, the 
isoelectric point of the membrane after PEI cross-linking increases to pH 8.6. 
The PEI cross-linked membrane is highly positively charged below pH 8.6, 
due to the protonation of the unreacted amine groups of PEI and newly formed 





Figure 3.3 Comparison of the zeta-potential of the plain P84 membrane 
(isoelectric point: pH 3.2) and the PEI cross-linked membrane (isoelectric 
point: pH 8.6) as a function of pH. 
 
3.3 Effects of PEI cross-linking on the morphology, the pore size 
distribution and the pure water permeability of membranes 
 
Figure 3.4 shows the outer surface morphology of the hollow fibers before and 
after PEI cross-linking modification. S1-X has a decreased surface pore size 
than S1. However, large surface pores with a pore radius of around 30 nm can 
still be observed on S1-X. One possible reason is that the PEI cross-linking 
modification can only cover small pores. Unlike interfacial polymerization, of 
which the reaction takes place between the monomer diffusing out of the 
substrate pores and the other monomer on top of the substrate [79], the PEI 





























the substrate are so large that the PEI solution intrudes into the sub-layer and 




Figure 3.4 FESEM images of the outer surfaces of hollow fiber membranes 
before and after PEI cross-linking. 
 
The outer surfaces of S2-X to S6-X become rough with nodules of different 
sizes. These nodules indicate the successful cross-linking reaction between the 
substrate and the PEI. The nodules on S2-X are smaller than those on S3-X to 
S6-X because the former has a larger substrate pore size than the latter. As a 

















induce in-situ PEI cross-linking reaction. Compared to S1 and S2, the surface 
pore sizes of S3 to S6 are much smaller, thus large PEI molecules prefer to 
accumulate on the membrane surface and form the nodules as shown in Figure 
3.4.    
 
Figure 3.5 shows the probability density function curves of the pore size 
distribution before and after PEI cross-linking modification. The Probability 
density function curves were worked based on Formula 2.3. Before PEI 
cross-linking modification, the probability density function curves are broad 
with a wide range of pore radius exist. S1 has the largest pore size. The pore 
radius obtained from the solute transport method can be as large as 20 nm as 
indicated in Figure 3.5(a). However, larger pore size, with radius around 30 
nm, can be found on the outer surface of S1 in Figure 3.4. A possible 
explanation is that the selective layer with a smaller pore size exists beneath 
the surface. After PEI cross-linking modification, the peaks of all the 
probability density function curves become higher and move to smaller radii. 
The distributions of pore radii also become narrow. Except S1-X, pore radii of 





Figure 3.5 The probability density function curves of the P84 membranes: a) 
S1, (b) S2, (c) S3, (d) S4, (e) S5, and (f) S6. 
 
The characteristics of the membranes, including MWCO, σp and PWP, before 
and after PEI cross-linking are summarized in Table 3.2. According to Table 
3.2, after PEI cross-linking, S1-X has a much larger σp and MWCO than the 
rest. The results show consistency with previous sections. The MWCO of the 
rest samples are below 600 Da, which are much smaller compared to their 
respective substrates. They also have small σp, indicating that they have 


































































































































































































Table 3.2 Geometric standard deviation (σp), molecular weight cut off 
(MWCO), porosity and pure water permeability (PWP) of the plain P84 
membranes and the PEI cross-linked membranes. 











S1 254050 2.06 35.84±4.11 56.1 19427 2.39 3.21±0.01 
S2 33008 1.65 57.37±6.58 55.5 558 1.35 5.04±0.44 
S3 1664 1.34 6.45±0.21 38.3 336 1.41 1.23±0.05 
S4 12350 1.71 6.68±0.19 21.9 183 1.24 0.96±0.06 
S5 10694 2.10 10.96±0.21 44.9 163 1.22 0.96±0.03 
S6 5324 2.23 10.43±0.09 39.6 202 1.30 1.76±0.06 
 
Pore tortuosity, wall thickness, pore size and porosity are the general structural 
parameters that determine the PWP of membranes [80, 81]. Among all the 
substrates, S1 and S2 have much higher PWP than the rest because of their 
much larger membrane pore sizes and porosity as shown in Table 3.2. 
Compared to S1, S2 has smaller overall pore radii and a slightly lower 
porosity but a higher water permeability mainly because it has a macrovoid 
structure. Among S3 to S6, hollow fibers spun from dopes comprising 
methanol as a non-solvent, e.g. S5 and S6, have higher PWP than those spun 
from dopes containing ethanol, e.g. S3 and S4. As pointed out by Sun et al. 
[71], this may be due to the effect of solubility parameter differences among 
methanol, ethanol, solvent and coagulant as well as the fact that methanol has 
a higher mass exchange rate than ethanol. As a result, a thinner selective layer 
is formed on the surface of S5 and S6. Similar to the trend of pore sizes, PWP 
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of membranes decreases dramatically after PEI cross-linking with P84. 
 
3.4 Effects of substrate pore sizes on the pore size of PEI cross-linked 
membranes 
 
Figure 3.6 shows the relationship between the ݎ௣ of the substrate and the 
respective ݎ௣ of the PEI cross-linked membrane. It can be clearly observed 
that the substrate pore size has significant influence on the pore size of the 
cross-linked membrane. As the pore size of substrates decreases, the pore size 
of cross-linked membranes first decreases, then increases. The turning point, 
referred to as the critical pore radius, is at around 1.5 nm. In other words, PEI 
molecules may enter the inner layer of the membrane through the intrusion of 
PEI solutions from those pores larger than 1.5 nm. The intruded PEI can react 
with the inner structure and decrease the pore size. However, it cannot full 
cover all the large pores even though the ݎ௣ of the cross-linked membrane is 
significantly reduced. Since PEI used in this study contains hyperbranched 
large molecules, not only can they modify the surface layer via cross-linking 
reaction, but also cover surface pores and reduce their sizes if the pore size is 
about or larger than 1.5 nm. If the surface pore size is too small, the pore will 
be too small to be covered by PEI cross-linking. As a result, the pore size of 
PEI cross-linked membranes is strongly dependent on the original pore size of 





Figure 3.6 The mean effective pore radius, ݎ௣ (nm), of PEI cross-linked 
membranes vs. mean effective pore radius, ݎ௣ (nm), of P84 substrates. 
 
3.5 Effects of PEI cross-linked membrane pore size on the rejections of 
various solutes 
 
In order to study the rejection performance of the PEI cross-linked membranes, 
Pb(NO3)2, MgCl2 and glucose were chosen as the model solutes. Their 
hydrated radii follows the following sequence: Pb2+ (0.401 nm) < Mg2+ (0.428 
nm) < glucose (0.444 nm) [82, 83]. From Figure 3.7, the rejection of each 
solute increases with a decrease in ݎ௣. When the ݎ௣ is above 0.34 nm, the 
rejections of the cross-linked membranes to both Pb2+ and Mg2+ are higher 
than that of the neutral solute glucose, though their hydrated radii are lower 
than glucose. This indicates that Donnan exclusion dominates the rejections of 
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size decreases, the rejection of glucose get closer and closer to those of Pb2+ 
and Mg2+, demonstrating that size exclusion starts to play an important role. 
This phenomenon becomes more profound when the pore radius is further 
reduced to less than 0.34 nm. Below this value, the rejections of glucose 
surprisingly surpass that of Pb2+ but still lower than that of Mg2+. This is 
because of the very similar hydrated radii of Mg2+ and glucose and the high 
charge repulsion between Mg2+ and the positively charged membrane. The 
results imply that through controlling the nanopore structure of the substrate 
and the charge properties of the PEI selective layer, it is possible to develop 
NF membranes for various purposes including not only heavy metal removal 
but also molecular separation of ion and neutral solutes. 
 
 
Figure 3.7 Rejections of MgCl2, Pb(NO3)2 and glucose as a function of the 





































3.6 Effects of transmembrane pressure and pH on membrane separation 
performance  
 
In order to investigate the influence of transmembrane pressure and solution 
pH on the performance of the membrane, S3-X is chosen for the performance 
tests.  
 
Figure 3.8 shows that rejections of both MgCl2 and Pb(NO3)2 increase with 
increasing transmembrane pressure. The results are consistent with previous 
findings [84]. It is because that water flux is proportional to transmembrane 
pressure, while salt flux depends on both water flux and the difference of 
transmembrane ion concentrations. Water flux increases faster than the salt 
flux under an elevated transmembrane pressure. Thus, the salt concentration in 





Figure 3.8 Salt rejection of the hollow fiber membrane S3-X as a function of 
transmembrane pressure.  
 
 
Figure 3.9 Salt rejection of the hollow fiber membrane S3-X as a function of 
pH (bottom). 
 
Figure 3.9 shows the influence of pH on the rejections of MgCl2 and Pb(NO3)2. 
























































solution and Pb(NO3)2 solution reach around pH 10 and pH 6.5, respectively. 
Changing of solution pH has marginal impacts on the rejections of both MgCl2 
and Pb(NO3)2 when the solution pH is smaller than pH 8. This is due to the 
fact that the zeta potential of the cross-linked membrane changes little with 
solution pH values less than 8, as shown in Figure 3.3. When the membranes 
have a similar surface charge and pore size, their retention rates to the same 
ions are similar. Results demonstrate that decreasing solution pH is not 
necessary to achieve a higher salt rejection in the study.   
 
Since fiber S5-X has the best performance in terms of salt rejection, it was 
also tested under 1 bar and 13 bar for comparison. Table 3.3 summarizes the 
results.  At 13 bar, the rejections of S5-X to both MgCl2 and Pb(NO3)2 are 
higher than those at 1 bar. The rejection of MgCl2 reaches 99.06 % whereas 
the rejection of Pb(NO3)2 is more than 90 %. Interestingly, the PWP values 
under 1 bar and 13 bar do not change much, indicating that the membrane is 
mechanically robust and compaction has little influence on its PWP. This 
hollow fiber membrane has great potential for industrial use.  
 
Table 3.3 Salt rejections and PWP of the hollow fiber membrane S5-X at 1 bar 







Result (@1 bar) 98.01±0.34 87.75±1.49 0.93±0.03 









In this study, positively charged hollow fiber membranes by cross-linking P84 
porous substrates with PEI for the removal of MgCl2 and Pb(NO3)2 from 
wastewater was designed. The following conclusions can be drawn: 
 
(1) Macrovoid-free P84 membrane substrates can be formed at a high take-up 
speed with addition of non-solvent ethanol or methanol. The membranes 
possess high mechanical strength to withstand high pressure operations.  
 
(2) To fabricate a NF membrane with a narrow pore size for the removal of 
heavy metal ions, a critical ݎ௣ of 1.5 nm exists for the substrates suitable for the 
PEI cross-linking modification.  
   
(3) The rejections of all MgCl2, Pb(NO3)2 and glucose increase with a 
decrease in ݎ௣ of the membrane after the PEI cross-linking modification. 
Donnan exclusion plays an important role if the rp is greater than 0.34 nm 
while size exclusion becomes the dominant rejection mechanism if the pore 




(4) The rejections of MgCl2 and Pb(NO3)2 increase with an increase in 
transmembrane pressure. However, solution pH has little influence on the 
rejections of these two salts if the pH value is less than 8. The highest rejection 
of MgCl2 and Pb(NO3)2 were obtained as high as 99.06 % and 91.05 %, 
respectively, by using the PEI cross-linked membranes with the smallest ݎ௣. 
 
(5) Different from other NF studies based on commercial spiral wound or 
tubular membranes, the newly developed NF hollow fiber membranes are 
specially designed for lead removal. The study may also provide useful 
insights to manipulate suitable factors such as pore size to maximize hollow 
fiber membranes potentials for the removal of lead and other heavy metal ions 




Based on the results and conclusion presented in this study, a few 
recommendations that can further the investigation on the topic can be drawn:  
 
(1) Positively charged NF membranes usually have good rejections to cations, 
while their rejections to anions are low. It limits the applications of the 
membranes developed in this study in the field of heavy metal removal. 
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Further modification of the membrane surfaces to neutral or slightly 
negatively charged can be done to extend the application of these membranes 
in both heavy metal cation and ion removal. 
(2) Membranes made of interfacial polymerization (IP) have been widely 
used in membrane applications. This kind of TFC membrane usually has high 
salt rejection due to small membrane pore size. Thus, a TFC membrane made 
of IP is proposed for heavy metal removal in the next stage.     
(3) Long term stability and scalability of the hollow fiber membranes are very 
important for industrial applications. The long-term tests of the pilot-scale 
modules will be more meaningful. Thus, scaling up the modules into 
pilot-scale with the membranes developed in this work will be done. In 
addition, the real wastewater may have unpredictable conditions. The 
influence of conditions, such as pH and ionic strength, on the membranes will 
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